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Introduction
of the possible approaches to lens design for transient or broadband electromagnetic waves involves differential impedaace matching and transit-time conservation. One seeks to transition plane waves, ideally with no distortion or reflection, between two TEM hnsmission lines. The design of such lenses is specified by giving the material properties and shape of the lens. These properties, given usually by the permittivity tensor, %, and the permeability tensor,~, may vary from point to point within the lens, but are assumed to be independent of frequency. (The conductivity is assumed to be zero.) In order to specify the material properties and geometry of a lens one generally has to solve an initial value problem which arises from enforcing certain physical principles. That is, at a lens/transmission line boundary, impedances must be matched differentially and a wave in the lens should go into an inhomogeneous TEM plane wave in the adjacent region. Thus the tmvel time for waves following cMTerexdpaths should be equal. For example, a lens In this paper we consider a particularly simple geometry 'in wKlch an anisotropic lens is specified for the transitioning of plane waves between media of difiemnt permiit ivities.
Unlike the lenses discussed in earlier results, the impedance matching and transit time conservation requirements have not lead to the same system of differential equations. It i3
interesting to note that in the differential geometry examples to date, we have a plane or spherical wave, (incident on or leaving the lens) which is normally incident on the boundary between regions of different permittivities and for permeabilities.
Of course, in the case of non-normal incidence we can have the situation where a TEM wave propagates with a TM polarization, and the wave can pass through the boundary with no reflection. That is, the angle of incidence is the Brewster angle,~~, which can 2 . q be calculated if theproperties of themedia are known. Fora discussion of the Brewster angle phenomenon, see [4] . In Section 2 of this paper we discuss briefly this situation, and
show that enforcing the requirements of differential impedance matching and transit-time conservation at boundaries of regions of &lfferent permittivities leads to the 13rewster angle condition.
In Section 3 of this paper the main results are presented for the case of a plane wave propagating in region I, normally incident on a boundary between I ,and a lens region L, through L and on into a second region IL The regions I, L, and II have respective permittivities Cl, CL,and C2. The permittivity and permeability of free space are denoted by COand~0, respectively. All regions will be assumed to have the same permeability, which we will take as go. The requirements of continuity of impedances and transit-time conservation are to hold at all boundaries. The shape of the lens region and its permittivity are the design objectives, and the results appear in Section 3.
Finally, in Section 4 of this paper #ome further rem~ks are made on the, case of nonnormal incidence. The case of normal incidence generalizes to the case of non-normal incidence. This result then admits the possibility of constmcting an array of lenses. 
Statement of the Problem and Its Solution
Let us consider the geometry as indicated in Figure 3 .1. Consider a line located at P, which can be taken as the z axis in a rectangular coordhate system (z, y, z). The positive wave (as shown later) is to propagai e in a normal diiection in region I and on L and then into II. We wish to specify the perrnittivity of region L as well as the shape of the lens region.
We assume that the permeability, v = K, is the same in all regions and try a solution of the form where~(!li) and g(qt) are functions which are to be continuity of impedances across the boundary z = ., and since we must have continuity of differential impedanc= across the boundary we obtain from (3.6) and (3.7) (using # = #2 on the boundary)
However on the boundary Zz !42 * Z2 otan(@2). Hence we must isa constant and m also have Thus a comparison' of '(3.8) and (3.9) yields the result 9(42) = (:)2Cos'(fj,) .
yg is a function only of +2, since
If we now choose the arbitrary constant~. as 22 then we have
9(42) = cos4(#2) q
This result then requires that the form of the function g be g(~) = Cos'(f#) .
Hence the functions~and g appearing in (3.2) have been determined, with Equation (3.15) and its various alternative forms will be used to specify the lens design.
Note that the only condition that has been imposed up to this point is the differential impedance-matching condition. We now consider the transit-time requirement. If we consider some Z. such that [3.16) where the lines z = q and Z = X2 define the boundary lines for our lens (region L), then the point (zo, yo) is within the lens. We seek the wave velocity relative to the m-coordinate (i.e., the reciprocal of local differential transit time). In the W direction the velocity v is However, the wave is slower in terms of z by a factor of cos(#J) and so We now turn to the problem of determining the spatial limits of our lens. The notation remains as before and the geometry is as in Figure 3 .1. The permittivity in the lens, Cc, q is given as in Equation (3.15) Tlnis result is obt ained by differentiation of~. in (3.29) with the substitution of rectangular coordinates from (3.24). Moreover, differentiation of (3.30) yields and hence we have inflection points on the contours of constant en at those points where the contours intersect the line whose equation is y = z/fi (i.e., the ray # = 35.30). Table 4 .1 which, and hence @l = 30°, +2 = 60°, and q =~.
O<zl<zo<q
shows that a rtxluction in the chos& value of ez, with vi = c, will yield a slight increase in the value of Cl, with Cl > CO.Thus in the Brewster angle case, a reduction in the chosen value of 62, with v; = c, results in a slightincrease in the value of Cl, with Cl~eo.
Let us now mnnmarize the implications of the above analysis. Fmt of all, if we assume that our wave in the lower region is to have certain prescribed properties (i.e., non-normal propagation) so that its direction iz governed by a known phase velocity v; along the interface between the regions I and H, and that the permittivity of the lower region is specified, then the velocity V2and angle +2 are determined. Secondly, if the upper region is a uniform medium, then (as discussed in Section 2) the impedance and transit-time requirements will lead to the Brewster angle condition in which the permittivity El of the upper region emerges as part of our solution. Thus the previous solution (Section 3) generalizes to the case of non-normal incidence through a simple rotation of coordinates q Permittivities and Brewster Angles for the Case of vi = c > q by the Brewster angle. In this event we can now assume we have a plane wave in the upper region, and this wave is launched so that it is normally incident on an interface.
Thus we can construct, as shown in Figure 4 .2, an array of lenses. The solid lines shown correspond to metal sheets, and common boundaries (indicated by solid lines with cross-hatching) can be dispensed with. The angles displayed correspond to a value of E2= 46).
SKmmuLry
For the case of a pkne wave propagating in the z-direction and normally incident on a boundary z = Z2 between media of different permittivities we have the lens geomet~~and medium specified by Equations (3.24) through (3.25). Note that as one goes away from the symmetry plane (Figure 3.2) , the values of G decrease. The contour plots of Figure 3 .3 q indicate the lens shape for various c~. Moreover, we cannot bring the lens down to a line source (see (3.28)). The case of normal incidence is then shown to be applicable, at least for a certain range of parameters, to the case of non-normal incidence. 
